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African swine fever virus (ASFV) is a large complex icosahedral double-stranded DNA virus that replicates in the cytoplasm
of susceptible cells. Assembly of new virus particles occurs within the perinuclear viroplasm bodies known as virus factories.
Two types of virus particle are routinely observed: “fulls,” which are particles with an electron-dense DNA-containing
nucleoid, and “empties,” which consist of the virus protein and membrane icosahedral shell but are without the incorporation
of the virus genome. The objective of this study was to understand ASFV morphogenesis by determining the distribution of
intracellular viral DNA in the virus factory and during virus particle assembly. The ultrastructural localisation of DNA within
ASFV-infected cells was achieved using two complementary methods: with an ASFV-specific DNA probe to the major capsid
protein (p73) gene (B646L) hybridised in situ or through detection of all forms of DNA (viral and cellular) with gold-labelled
DNase. Conditions for in situ hybridisation at the electron microscopic level were optimised for infected cells in two Lowicryl
resins (K4M and HM20) and using two nonradioactive probe labels (digoxygenin and biotin). The morphological data indicate
that the viral DNA, perhaps from specialised storage sites within the factory, begins to condense into a pronucleoid and is
then inserted, at a single vertex, into an “empty” particle. Further maturation of the viral particle, including closure of the
narrow opening in the icosahedron, gives rise to “intermediate” particles, where the nucleoprotein core undergoes additional
consolidation to produce the characteristic mature or “full” virions. The site of particle closure may represent a “weak point”
at one vertex, but the mechanisms and structures involved in the packaging and release of the virus genome via such a port
are yet to be determined. © 1998 Academic Press
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INTRODUCTION
African swine fever (ASF) is a haemorrhagic viral dis-
ease of domestic pigs that causes high mortality rates
and economic losses in Africa and parts of southern
Europe. In the absence of an effective vaccine, current
control measures rely on eradication by slaughter. Due
to the subclinical reservoir status of its natural hosts,
wart hogs, bush pigs, and soft ticks (Ornithodoros sp.) of
Africa, it presents a continuing threat to animal hus-
bandry in areas in which it remains endemic (reviewed
by Wilkinson, 1989).
The agent responsible, ASF virus (ASFV), is currently
unclassified (Brown, 1986; Dixon et al., 1995), yet it
shares genetic similarities with the poxviruses and struc-
tural similarities with the iridoviruses (reviewed by
Vinuela, 1987). ASFV is a large complex icosahedral
double-stranded DNA (170–190 kb) virus that encodes
$150 open reading frames (Dixon et al., 1994; Yanez et
al., 1995), including 50 or more structural proteins (Car-
ascosa et al., 1985), plus DNA replication and repair
enzymes, protein modification factors, and other proteins
involved in virus–host interactions (Yanez et al., 1995).
Extracellular virus particles are ;200 nm in diameter and
are composed of a central electron dense nucleoprotein
core of 80 nm surrounded by an inner protein core shell
(Andres et al., 1997), an icosahedral protein capsid–
double membrane complex of endoplasmic reticulum
(ER) origin (Cobbold et al., 1996; Rouiller et al., 1998), and
an outer envelope derived from the plasma membrane
(Breese et al., 1966; Moura-Nunes et al., 1975). Progeny
particles are assembled in discrete perinuclear areas
frequently termed virus factories. The virus factories con-
tain DNA (Vigario, et al., 1967; Moulton and Coggins,
1968; Pan et al., 1980), membranous material, assembly
intermediates with one to six sides of a hexagon (Moura-
Nounes, et al., 1975; Andres et al., 1997; Rouiller et al.,
1998), and immature particles, some with (“full”) and
others without (“empty”) the dense nucleoprotein core
(Brookes et al., 1996).
Replication of ASFV is dependent on the presence of
the cellular nucleus, yet viral DNA synthesis occurs
within the cytoplasmic virus factory (Garcia-Beato, et al.,
1992; Ortin and Vinuela, 1977). The production of ASFV
DNA occurs at 5–7 h p.i. and is almost completed before
the onset of release of infectious progeny virus at 10–12
h p.i. (Moulton and Coggins, 1968; Pan et al, 1980). In our
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studies, DNA synthesis occurs between 6–10 h p.i. (un-
published data), followed by formation of the virus facto-
ries at 8–12 h p.i., and these structures continue to
increase in size and complexity over an 18–24-h period
(Brookes et al., 1996). The mechanisms involved in DNA
incorporation into virus particles has been studied in
detail only for the DNA viruses that assemble in the cell
nucleus, such as herpesviruses (Friedmann et al., 1975;
Homa and Brown, 1997) and adenoviruses (Sundquist et
al., 1973; Ishibashi and Maizel, 1974; Parks and Graham,
1997; Steven and Spear, 1997). Little is known about DNA
packaging in the DNA viruses that replicate in the cyto-
plasm such as poxviruses (Morgan, 1976; Koonin et al.,
1993; Parks and Evans, 1996), iridoviruses (reviewed by
Williams, 1996), and ASFV (Brookes et al., 1996; Andres
et al., 1997). The incorporation of DNA into vaccinia viral
particles has been described as insertion or encapsida-
tion followed by condensation of the nucleoprotein ma-
terial to form the familiar electron-dense core (Morgan,
1976). In our model, the ASFV icosahedral capsids as-
semble face by face from ER-derived membranes within
the virus factory (Rouiller et al., 1998), and the forming
DNA–protein complex is then inserted or drawn into an
“empty” capsid just before being sealed (Brookes et al.,
1996). The “full” particle then results from closure of the
icosahedron, release from the ER membranes, and fur-
ther consolidation of the nucleoid.
To study the details of viral DNA localisation and
incorporation into the ASFV capsid within infected cells,
a virus-specific random-primed digoxygenin (DIG)- or
biotin-labelled p73 double-stranded DNA probes for in
situ hybridisation at the electron microscopic (EM-ISH)
level were developed. This was complemented using
generalised localisation of DNA with gold-labelled
DNase. The resultant data have allowed us to refine our
previous insertion model and to show that (1) an “inter-
mediate” state exists, (2) particle closure occurs at one
vertex and this region of the virus may represent a
genome entry–exit site, and (3) the DNA may be more
ordered, in terms of DNA storage sites, within the virus
factory than first anticipated. In addition, we present the
first ultrastructural quantitative analysis of in situ hybri-
disation of a cytoplasmic DNA virus and comparisons of
DIG- and biotin-labelled probes on K4M and HM20 Lowi-
cryl resins.
RESULTS
Characterisation of the p73 DNA probes
The routine concentration of the DIG-labelled p73 DNA
probe was ;3 mg/ml (diluted 1:10 for use), and the
incorporation efficiency for the biotin probe was 5–10-
fold lower than for the DIG probe. The probe (DIG and
biotin) size range was found to be 0.1–2.3 kb (data not
shown). The B636L gene has an AT ratio of 55% (Lopez-
Otin et al., 1990), and each DNA strand would have ;700
dUTP incorporation sites. As many as one third of those
could be labelled with dUTP–DIG (dUTP-to-dUTP–DIG
ratio 5 2:1; Boehringer-Mannheim, Mannheim, Germa-
ny). The probe length could range from 30 to 760 nm (1
nm ; 3 bp; Bates and Maxwell, 1993). Thus, when
detected by anti-DIG or biotin–gold antibody conjugate at
the EM level, the probe would be represented by a string
or aggregate of gold beads.
Localisation of ASFV DNA in infected cells
At the light microscopic level, using immunofluores-
cence, it was shown that the DNA (detected by broad-
range anti-DNA antibody) colocalises with the ASFV p73
virus major capsid protein in the perinuclear virus factory
(data not shown). Viral specific DNA was also localised
to the virus factory using the p73 DIG-labelled DNA
probe by in situ hybridisation (Fig. 1A). The detection of
both uncondensed electron-lucent and condensed elec-
tron-dense DNA can be enhanced by indirect labelling of
the DNA using either nonspecific methods such as anti-
DNA antibody (data not shown; Brookes et al., 1996) or
virus-specific DNA detected by an in situ hybridisation
probe plus antibody–gold colloid conjugates. Using EM-
ISH, viral DNA was found in both extracellular and intra-
cellular virus particles and the factory (Fig. 1B). Within
the virus factory, the probe was associated with the
membrane-like structures, in the vicinity of “empty” cap-
sids not containing an electron-dense core, and in “full”
particles that have acquired their nucleoprotein core
(Figs. 1C and 1D).
The EM-ISH methodology has also allowed quantita-
tive characterisation of the distribution of ASFV-specific
DNA within infected cells. The mean probe (gold-p73-
DNA) frequency (MPF) (number of gold strings or aggre-
gates) detected per virus factory was significantly higher
than that found in the cytoplasm and the nucleus (P ,
0.001) (Fig. 2A). The percentage of probe on the virus
factory was ;8 times higher than that found on the
cytoplasm or nucleus for any given resin/probe combi-
nation (Table 1).
Within the cytoplasm, only 5.5% (36 of 654) of the virus
particles had associated probe (Fig. 1B), most (27 of 36,
n 5 453) of these were “full” particles containing an
electron-dense core, whilst the remaining 25% (9 of 36,
n 5 201) of capsids did not contain the dense nucleoid
and were therefore classified as “empties.”
The in situ probes, as represented by a string of gold
colloids, ranged in length from one to nine, with a mean
of 2.4 6 0.2 (n 5 639; data not shown). The biotin probe
length (2.18 6 0.15) was significantly less (P , 0.02) than
that of the DIG probe (2.7 6 0.15), which may have been
a result of the lower efficiency of biotin incorporation
observed during probe labelling or as a result of random
prime probe synthesis. There was also a preparation
effect, the mean probe frequencies varied significantly
as a result of the type of resin used, but no effect was
observed for the type of probe label used (Fig. 2A). Using
176 BROOKES ET AL.
the biotin probe, 6.23 6 0.48 strings were observed on
the virus factories using the HM20 resin but only 3.33 6
0.12 were observed using K4M (P , 0.001). Using the
DIG probe, 7.73 6 0.71 strings were observed using
HM20, but only 4.10 6 0.47 were observed using K4M
(P , 0.001) resin.
Localisation of viral specific DNA within the virus
factory by in situ hybridisation
The detection of p73-DNA probes on the virus factory
was analysed using their association with three features
of this structure: the virus particles, membrane material,
FIG. 1. Localisation of ASFV DNA. At the cellular (light microscopic) level, ASFV-specific DNA was localised to the perinuclear viral factory area of
infected cells by in situ hybridisation with the p73-DIG-labelled DNA probe (arrowheads, A). (N) Nucleus. (Scale bar) 20 mm. Using in situ hybridisation
to detect viral DNA at the intracellular (electron microscopic) level, gold-labelled probe was found within the virus factory (vf) and in mature
extracellular virus (B and C, K4M resin). Within the virus factory, probe was localised to “full” (F) particles with an electron-dense core, adjacent to
“empty” (E) particles without a core (D, HM20 resin) and membrane elements (mb) (B and C). The close vicinity of the probe to the empty capsids
suggests a possible preentry association of DNA with these structures. The K4M resin exhibits more heat damage, particularly in the virus particles,
than the HM20 resin. (Scale bar) 200 nm.
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and the matrix or ground substance (Figs. 1C and 1D).
The mean probe frequency was significantly higher for
association with the membrane material and the matrix
than with the particles (P , 0.05) (Fig. 2B). The percent-
age of probe on the virus particles was generally 3 times
lower than that found on the membranes and matrix for
any given resin–probe combination (Table 2).
Within the virus factory using the DIG-labelled p73
DNA, regardless of which resin was used (HM20 or
K4M), 58% (17 of 29 or 11 of 19) of the probe was
associated with “empty” electron-lucent particles and
42% (12 of 29 or 8 of 19) was associated with the “full”
particles containing an electron-dense core. With the
biotin-labelled DNA, these percentages were skewed
more toward the “empty” particles on both resins; for
HM20, it was 69% (20 of 29) on “empties” and 31% (9 of
29) on “fulls,” and for K4M, it was 78% (7 of 9) on “empties”
and 12% (2 of 9) on “fulls.” Often, the probe associated
with the “empty” particles was found in close vicinity to
the external surface of the capsid and not inside the
particle, whereas for “full” particles the label was asso-
ciated with the central dense core (Fig. 1D). This sug-
gests that there is a preinsertion association of DNA with
the “empty” particles.
At the level of the virus factory components, a prepa-
ration effect similar to that of the virus factory area as a
whole was observed. As expected, there was a signifi-
cant effect on mean probe frequency for particles (P ,
0.018), membranes (P , 0.001), and matrix (P 5 0.001) as
a result of the resin type used (HM20 versus K4M) but
not the probe label used (Fig. 2B).
For the in situ hybridisation controls, probes were not
detected on uninfected IB-RS2 cells, on vaccinia virus-
infected cell sections, or on sections where anti-probe
antibody was omitted. All of the other specificity controls
(data collected for the virus factory only) were signifi-
cantly lower (P , 0.02 for DIG and P , 0.05 for biotin)
(data not shown) than the experimental data. On DNase-
or DNase-plus-RNase-treated sections, the signal was
reduced by ;5-fold, and for RNase alone, the signal was
decreased 1.5-fold (data not shown). The enzymatic di-
gestion data suggested that the major p73 DIG-DNA
probe target within the virus factory was viral DNA and,
to a lesser extent, viral RNA transcripts.
DNase-gold labelling of DNA
A major impediment to fine analysis of DNA distribu-
tion by in situ hybridisation was the low contrast of the
sections stained with uranyl acetate only. Use of the
secondary contrasting agent, lead citrate, forms a pre-
cipitate on in situ preparations that can obscure the gold
colloids. However, both contrast reagents could be used
after the less extreme procedure used during DNase-
FIG. 2. Quantitiative analysis of the ultrastructural distribution of
ASFV DNA by in situ hybridisation (gold-DIG p73-DNA). In 30 cell
profiles, the mean (1SE) probe frequency (MPF) (number of gold
strings per area) was significantly greater (P , 0.001) in the virus
factory (VF) than that in the cytoplasm (CP) and the nucleus (NUC) (A)
regardless of which resin–probe combination was used. Data also
indicate that the detection rate was higher in HM20 compared with
K4M resin and that the DIG-labelled probe was more effective than the
biotin-labelled probe. Within the virus factories, the MPF was signifi-
cantly higher on the matrix and membrane-particle precursors than on
virus particles (P 5 0.01) (B).
TABLE 1
Percentage of Gold Colloids Associated with Cell Areas
in Relation to Resin Type and Probe Label
Resin/probe Virus factory Cytoplasm Nucleus Number
HM20/DIG 84 9.5 6.5 276
HM20Biotin 83 11 6 224
K4M/DIG 85 10 5 144
K4M/Biotin 75 11 13 133
Mean 82 10 8 —
Total — — — 777
TABLE 2
Percentage of Gold Colloids Associated with Virus Factory
Structures in Relation to Resin Type and Probe Label
Resin/probe Particles Membranes Matrix Number
HM20/DIG 13 40 47 232
HM20/Biotin 15 49 36 187
K4M/DIG 16 43 41 123
K4M/Biotin 10 34 56 100
Mean 13 42 45 —
Total — — — 642
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gold labelling, making it possible to observe and quantify
DNA detection in the three particle types (empty, inter-
mediate, and full) within the virus factory. The specificity
of the enzyme–substrate interaction and the resolution of
the directly conjugated gold colloid without loss of en-
zyme activity make it ideal for examination of viral DNA.
The DNase-gold concomitantly visualises both cell and
viral DNA; however, the compartmentalisation of ASFV
DNA in particles and focal areas of the virus factory
allowed additional characterisation of DNA sites (Figs.
3A and 3B).
Within the virus factory, the number of DNase-gold-
labelled “empty,” “intermediate,” and “full” particles were
counted (Fig. 3D). Approximately half [55% (113 of 207)
and 57% (85 of 148)] of the “intermediate” and “full”
particles, respectively, were strongly labelled (3–10 gold
colloids), whereas fewer than a fourth [23% (20 of 89)] of
those without the electron-dense cores (“empties”) were
weakly labelled (1–3 gold colloids) (Fig. 3B).
Interestingly, there also were large (200–1000 nm)
electron-dense bodies, with a similar structure to nuclear
heterochromatin, labelled with the DNase-gold found
adjacent to and inside viral factories (Fig. 3C); these
structures may represent unused or viral DNA storage
sites. The DNase-gold incubated with DNA (control) be-
fore the addition to sections and Protein A–gold controls
were negative or had ,10% of that of the experimental
conditions (data not shown).
A model for the acquisition of the nucleoprotein core
during virus particle assembly
Data were collected during examination of infected
cells to identify the assembly stages of ASFV. Routine
epoxy resin sections (Fig. 4A) nd the quantitative local-
isation of the p73-specific DNA probes by in situ hybri-
disation (Figs. 4B–4D) within the virus factory suggested
that ASFV DNA accumulates and is then inserted into an
“empty” capsid. In Figure 4A, electron-dense DNA was
present between the closing sides of an incomplete
(five-sided) viral particle. This frequently observed asso-
ciation suggests that virus DNA enters the central “core
region” of the particle via an aperture in the capsid. In the
in situ hybridisation experiments (Figs. 4B–4D), the probe
was observed in association with the periphery of an
empty capsid (Fig. 4B) and in a region between the
capsid and the core (Fig. 4C). As in Figure 4A, Figure 4D
shows the probe associated with an electron-dense area
inside and more central to the particle. After the insertion
of DNA, Figures 4A and 4D also show that the capsid
closes and dissociates from the cytoplasmic membranes
releasing the particle. This concept of an aperture on one
of the vertices of the icosahedron was supported by
negative contrast immuno-EM (NCIEM) using anti-DNA
on detergent-treated extracellular mature particles. Fig-
ure 4E shows that the DNA was released through an
opening at what may be a weak point or a selective
portal vertex in the structure after such treatment. This
experimentally induced state was observed in ;80% of
the detergent-treated virions and was also observed
occasionally after the physical stresses of drying during
NCIEM.
DISCUSSION
The objective of this study was to advance our under-
standing of ASFV morphogenesis by determining the
distribution of intracellular virus DNA in the virus factory
and during virus particle assembly. There appears to be
three basic particle types: those with an electron-lucent
centre within the icosahedron, or “empties”; “full” parti-
cles, which have the characteristic condensed nucleo-
protein core of mature virions; and “intermediate” parti-
cles. Morphological data indicated that the viral DNA
begins to condense in the virus factory and may be
inserted into an “empty” particle at a narrow opening at
one vertex in the icosahedron. This opening subse-
quently closes, forming the “intermediate” in which the
condensing DNA continues to consolidate and central-
ising, giving rise to the core inside the icosahedron–core
shell structure and production of the mature “full” char-
acteristic virions. All three structures have been ob-
served in the virus factory, the cytoplasm, and budding
from the plasma membrane. A detailed mechanistic un-
derstanding of viral morphogenesis might therefore per-
mit the development of a vaccine through controlled
production of “empty” particles by an appropriately mod-
ified virus and produced in a specially designed comple-
mentary host cell type.
At the ultrastructural level, DNA that is not condensed
or associated with protein is difficult to observe directly
by conventional transmission electron microscopy (TEM)
because it is randomly dispersed and therefore relatively
electron lucent. However, as DNA condenses and asso-
ciates with proteins, it becomes more electron dense.
Examples of this include nuclear euchromatin compared
with heterochromatin and viral associated nucleoprotein
masses (Brookes et al., 1996; Puvion-Dutilleul and Pu-
vion, 1991; Puvion-Dutilleul and Pichard, 1992). During
ASFV replication and assembly within the virus factory, it
is postulated that the DNA associates with core proteins
in the process of packaging into the capsids, and as this
material condenses, it becomes more electron dense,
thus allowing it to be visualised (Brookes et al., 1996). To
improve the detection of viral DNA in both uncondensed
and condensed forms, ultrastructural localisation of DNA
within ASFV-infected cells was done either generally
with gold-labelled DNase or specifically with an ASFV
DNA probe to the major capsid protein (p73) gene
(B646L) hybridised in situ. The main requirement for the
success of these approaches is a high copy number of
target sequence that are confined to the well-delimited
subcellular compartments or structures (Troxler et al.,
1990; Takasu et al., 1993; Breeze et al. 1996; Puvion-
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Dutilleul and Puvion, 1991; Puvion-Dutilleul and Prichard,
1993; McQuaid et al., 1993) as found in ASFV assembly
sites (virus factories) and particles. As is the case for all
postembedding gold methods, these molecular immuno-
gold-labelling procedures are restricted to binding sites
exposed at the surface of the sections. Immunogold
complexes (DNA, enzyme, or antibody) do not penetrate
into the resin sections, thus revealing only the nucleic
FIG. 3. Detection of cellular and ASFV DNA with gold-labelled DNase. Gold-labelled DNase was associated with the cell nucleus (N) and
“intermediate” (I) and “full” (F) virus particles both at the cell surface (A) and within the virus factory (B). “Empty” (E) virus particles were mainly negative
or occasionally weakly labelled, as were membrane (mb) and matrix material (M). (C) In addition, large DNA-like structures (p) adjacent to or within
the virus factory were also labelled. (Scale bar) 200 nm. (D) Quantitative analysis of labelled particles (empty, intermediate, and full).
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acids exposed by the cutting procedure for detection.
These epitopes represent a minor, but representative,
portion of the nucleic acid present in the biological ma-
terial. Nonradioactive in situ hybridisation with either
biotinylated or DIG-labelled DNA probes can detect viral
DNA with high spatial resolution and precise localisation
(Troxler et al., 1990; Ukimura et al., 1997) and are gener-
ally more sensitive than radiolabelled probes (Oura et al.,
1998).
During the localisation of ASFV DNA, there was no
significant difference in the level of target detection as a
result of the type of probe label (DIG or biotin) used.
Although using a two-step colloidal gold immunodetec-
tion of the DIG-labelled probe, we, like others (Li et al.,
1993; Chevalier et al., 1997), found that the positive signal
for the DIG probe was better than the biotin system. The
reason for the discrepancy remains unclear, but it ap-
pears that the labelling efficiency of the DIG probe is
higher than that of the biotin probe. The other EM-ISH
preparative effect that was perhaps more significant was
the use of HM20 over K4M Lowicryl resin. On the virus
factories, the probe frequency on HM20 resin was al-
most twice that on the K4M resin (Figs. 1 and 2). This is
contrary to the immunodetection of proteins for which no
obvious differences were found between these resins
(reviewed by Schwarz and Humbel, 1989). In many other
EM-ISH studies (Troxler et al., 1990; Puvion-Dutilleul and
Puvion, 1991; Puvion-Dutilleul and Pichard, 1993; Cheva-
lier et al., 1997), K4M is used, but no previous compari-
sons between the two resins for EM-ISH were found in
the literature. The differences between the two Lowicryl
resins are that HM20 is an apolar resin, whereas K4M is
FIG. 3—Continued
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polar, and HM20 is also generally preferred because it is
less affected by heat damage (Fig. 1), is more evenly
sectioned, is affected less by spreading on water, and
has a lower viscosity (Schwarz and Humbel, 1989).
The DNA localisation methods have contributed to our
understanding of the functional compartmentalisation of
ASFV DNA during the infectious cycle and the various
particle states. At the cellular level, 82% of the in situ
hybridisation probe was found in the virus factory, 10%
was in the cytoplasm, and 8% was in the nucleus. These
results confirm those at the light microscopic level (Fig.
1) (Oura et al., 1998) and a variety of indirect nonspecific
techniques. The latter include thymidine incorporation
and autoradiography; intercalating agents such as Feul-
gen, acridine orange, Hoechst dye, and ethidium com-
pounds (Vigario et al., 1967; Moulton and Coggins, 1968;
Pan et al., 1980; Andres et al., 1997); and a broad-spec-
trum antibody to DNA (Brookes et al., 1996; Andres et al.,
1997). During the in situ hybridisation, the p73-DNA
probe signal in the cytoplasm was significantly higher
than that of an irrelevant DNA probe control, but the
signal in the nuclei was not. This suggests that the
p73-DNA probe may be detecting p73 transcripts in the
case of the cytoplasm, as previously suggested by light
microscopic studies (Oura et al., 1998). The nuclear sig-
nal may be nonspecific background binding or a specific
p73-DNA sequence in the nucleus. The latter has been
indicated by the finding that ASFV requires a nuclear
phase of DNA replication before particle assembly in the
virus factory (Garcia-Beato et al., 1992; Ortin and Vinuela,
1977). Further work will be required to clarify the role of
the cell nucleus in ASFV replication.
Of the virus particles in the cytoplasm, at the plasma
membrane, and released from the cell, 5.5% were la-
belled with the in situ hybridisation DNA probe. Three
fourths of these viruses were “full” particles containing
the dense nucleoid, and one fourth were either early
“intermediates” or “empty” particles not containing the
characteristic dense core. The labelling efficiency (per-
centage of probe-positive particles) was low (5.5%) com-
pared with that (15.6%) in the virus factory. This may have
been due to the higher proportion of full particles outside
the virus factory and the increasing degree of DNA con-
densation and protein interactions masking the target
sequence (Bendayan, 1981a, 1981b). The fate of the “in-
termediate” and “empty” particles in the cytoplasm and
released from cells is unknown. It is assumed that the
“empty” particles are noninfectious. The “intermediate”
particles may go on to further maturation and condensa-
tion to become “full” infectious particles or, alternatively,
remain uninfectious, defective particles due to imprecise
DNA packaging and/or DNA–protein interactions. Fur-
ther investigation to isolate and characterise these three
entities is currently under way.
The specific detection of p73 DNA sequence by in situ
hybridisation confirms our DNA incorporation proposal.
At magnifications where virus particles and their compo-
nents could be readily distinguished, probes were de-
tected adjacent to, apparently entering an electron-lu-
cent “empty” particle, and inside a newly formed and
condensing “full” particle (Fig. 4). It was not possible to
distinguish between “intermediate” and “full” particles
during the in situ hybridisation due to the reduced con-
trast of the sections. However, the DNase-gold (Fig. 3)
made it possible to observe and quantify DNA labelling
of all three particle types, thereby allowing the further
characterisation of both the “intermediate” and “full” par-
ticle types. Both the related iridoviruses (Williams, 1996)
and poxviruses (Morgan, 1976) undergo a similar series
of morphogenic events to those we have described for
ASFV (Brookes et al., 1996; Rouiller et al., 1998). Assem-
bly of iridoviruses has been described as the formation
of a partial shell, face by face, with this being filled by
DNA and fibrillar material through an aperture left in the
shell. The DNA condenses further to form the core
proper, and the capsid construction is completed (Wil-
liams, 1996). Poxvirus assembly proceeds by a similar
mechanism. A series of electron micrographs by Morgan
(1976) using vaccinia virus illustrate that filamentous and
granular material extends through the membrane gap,
and as this closes, the material further condenses and
assumes the structure and opacity of the nucleoid.
Figure 5 shows a model for insertion of DNA into ASFV.
We propose that ASFV DNA, which is mainly (but not
exclusively) randomly dispersed within the virus factory
and thus not visible at the ultrastructural level, begins to
condense adjacent to empty, but opened at one vertex,
particles. The heterogeneous “pronucleoid” is inserted
into the particle before its closing. The core subse-
quently develops further inside the “intermediate” parti-
cle, giving rise to the typical electron-dense multilayered
structure of “full” infectious ASFV particles. Previously,
we described electron-dense material (DNA–protein) as-
sociated with membranes as a prelude to the insertion
process (Brookes et al., 1996). These membrane ele-
ments appear to be a continuation of cellular mem-
branes at the membrane–icosahedral capsid boundary,
as described by Rouiller et al. (1998) and thus may not be
involved in DNA insertion. Some fibrous elements, how-
ever, do appear to be involved in the acquisition of the
FIG. 4. Acquisition of the nucleoprotein core during particle assembly in the virus factory. (A) Routine electron micrograph with electron-dense,
DNA-like, and fibrillar material apparently being inserted into a virus particle structure via an opening at one vertex of the icosahedron (arrows, gold
labelling is detecting an ASFV membrane protein). (B–D) Selected micrographs using the in situ hybridisation gold-DIG p73-DNA probe. The images
suggest progressive insertion of ASFV DNA into “empty” capsids giving rise to an “intermediate” virus particle (insertion area indicated by arrows).
DNA release at a single vertex can also be induced via mild detergent treatment (0.1% NOG) (E), indicating that this may be a DNA entry–exit point
(arrowheads) involved in assembly and disassembly. (Scale bar) 200 nm.
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nuclear–protein material, but the origin of this material
remains unknown.
Similarly, the maturation of the nucleoid inside the
closed icosahedral “intermediates” (Figs. 3 and 4) giving
rise to the classic “full” particles may also involve struc-
tural DNA–binding protein interactions as have been
described for other DNA viruses (reviewed by Morgan,
1976; Homa and Brown, 1997; King and Chui, 1997; Parks
and Graham, 1997; Steven and Spear, 1997). Three can-
didate proteins have been described for ASFV, namely
p10 (K78r gene), p11.6 (5AR or A104r gene) and p14.5
(E120r gene) (Munoz et al., 1993; Borca et al., 1996;
Martinez-Pomares et al., 1997, respectively). In addition
to these three proteins, the core shell polyprotein pp220-
derived structural proteins (p150, p37, p34, and p14) sur-
rounding the nucleoid may be involved in both nucleoid
and membrane interactions, thus stabilising the struc-
ture (Andres et al., 1997). In our model, this core shell
exists inside the icosahedron before DNA acquisition
(and in closed empties) and develops further in the
“intermediates” as interactions occur and the nucleoid
matures.
In addition to data on the “intermediate” virus particles,
the use of the DNase-gold labelling has suggested that
DNA storage sites may exist in and around the virus
factories. These areas may also have been represented
by the matrix labelling during in situ hybridisation. The
role of such sites has yet to be determined, but they may
represent viral DNA deposits being prepared for the
assembly process or, alternatively, excess material not
suitable for packaging into virions. Other DNA viruses
such as adenoviruses and herpesviruses, which repli-
cate in cell nuclei, also have different DNA functional
areas for specific viral single- or double-stranded DNA in
addition to those areas in which the virions are assem-
bled (Puvion-Dutilleul and Puvion, 1991; Puvion-Dutilleul
and Pritchard, 1993).
Virus structure is a compromise between ease of virus
assembly to produce progeny and ease of disassembly
during entry and delivery of parental genome material to
the host cytoplasm and or nucleus. It appears that in
ASFV, there is a DNA exit–entry site at an aperture on 1
of the 12 vertices of the icosahedron. We have been able
to show a concentration of DNA at one vertex of mature
extracellular particles, suggesting that the genetic mate-
rial has been released at a potential “weak spot.” Similar
weak point models as DNA entry and exit sites have
been proposed for vaccinia virus (Roos et al., 1996), and
portal complexes have been described for entry–exit of
genomic material in other virus groups (reviewed by
Johnson and Rueckert, 1997; King and Chui, 1997; Steven
and Spear, 1997). In vaccinia virus, the enwrapping mem-
brane ends either fuse together, seal end-to-end with a
pore, or overlap with a protective protein cover at the
closure point. We have also shown previously that the
two ER-derived membranes forming the icosahedron can
be separated by streptolysin-O treatment of infected
cells. Such treatment resulted in dimple formation at one
FIG. 5. Model of DNA acquisition and ASFV particle assembly in the virus factory. Viral DNA is partly condensed and inserted into the incomplete
icosahedron before its final sealing. Intermediate steps illustrate increasing consolidation of the DNA–protein core material as it moves into the core
shell. The particle closes and the nucleoid centralises, giving rise to the full particles. Capsids that do not receive their complement of DNA–protein
remain empty. All three types of structures (“empty,” “intermediate,” and “full” particles) have been observed in the virus factory and cytoplasm and
budding from the plasma membrane.
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and only one face of the virion (Rouiller et al., 1998). The
mechanism of selective destabilisation at the single ver-
tex is unknown, but the asymmetry in the structure may
reflect the mechanism of release of the virion from the ER
membrane after the late stage packaging of the genome.
Structural analysis of this ASFV “weak spot” or portal
area may provide insight into both the particle closure
mechanism and the release of the parental virus
genomic material into the cytoplasm after entry.
MATERIALS AND METHODS
Cells and viruses
The attenuated Uganda isolate of ASFV was grown in
IB-RS2 cells (Hess et al., 1965) and vaccinia virus (WR
strain) in Vero cells at an m.o.i. of 5.0 TCID50 units/cell
and 0.1 plaque-forming unit/cell, respectively. Viruses
were allowed to replicate in an unsynchronised fashion
for 18 h before harvesting for immunofluorescence, rou-
tine, immuno-EM, or EM-ISH. Concentrated virus for
NCIEM was obtained by ultracentrifugation of cell-free
tissue culture supernatant at 60,000 g for 1 h at 4°C.
Antibodies
The p73 ASFV major capsid protein was detected with
either a polyclonal rabbit antibody (1:200) (gift from C.
Morrissey, Australian Animal Health Laboratory) or the
monoclonal IgG antibody 4H3 (undiluted tissue culture
supernatant) (Cobbold et al., 1996) at the light micros-
copy level by immunofluorescence. DNA was detected
using the AC-30–10 broad-spectrum anti-DNA monoclo-
nal IgM antibody (1:5) (Boehringer-Mannheim) (Scheer et
al., 1987; Brookes et al., 1996) at both the light micro-
scopic and EM levels. The optimum conditions for de-
tection of in situ hybridisation probes with anti-DIG poly-
clonal (sheep), monoclonal (mouse), F(ab)2 (sheep), and
monoclonal anti-biotin (mouse) antibodies (Boehringer-
Mannheim) were also assessed and shown to be 0.2,
0.4, 5, and 2 mg/ml, respectively (data not shown). Only
monoclonal reagents were used in the final analysis.
Labelling of the p73 DNA probe: DIG or biotin
The double-stranded DNA probe was composed of the
B646L reading frame of ASFV BA71v (Lopez-Otin et al.,
1990; Cistue et al., 1992; Yanez et al., 1995), which en-
codes the major structural protein, p73 (Carrascosa et
al., 1986; Cobbold et al., 1996). Genomic clones of BA71v
were kindly provided by Dr. E. Vinuela (Centro de Biolo-
gia Molecular, Madrid, Spain) (Almendral et al., 1984).
The p73 coding region was removed by restriction en-
zyme digestion with SacI and XbaI from the 14-kb EcoRI
fragment RB and subcloned into BlueScript II (Oura, et
al., 1998). The p73 probe DNA (2.56 kb) was removed
from the shuttle vector and labelled using either the DIG
or biotin High Prime kits (Boehringer-Mannheim, Lewes,
UK) and was purified and quantified according to the
manufacturer’s instructions. The probe size range was
determined by anti-DIG/biotin antibody detection of
probe Southern blotted in a buffer of 203 salt and so-
dium citrate buffer (13 SSC, 150 mM NaCl, 15 mM Na
citrate) onto nitrocellulose.
NCIEM
Concentrated virus particles were adsorbed to carbon-
coated, Formvar-filmed gold grids for 2 min; treated with
nonionic detergent n-octyl-b-glucopyranoside (NOG;
Sigma) at 0.1% (v/v) in PBS for 5 min; washed; and
immunolabelled as described by Hyatt (1991). The block-
ing buffer was 5% (v/v) fish gelatin (Sigma) in PBS, the
anti-DNA antibody was diluted in 1% (v/v) fish gelatin,
and the secondary antibody was anti-mouse IgM conju-
gated to 10 nm of gold (Biocell International, UK). The
grids were postfixed in 2.5% (v/v) glutaraldehyde and
contrasted with 2% (w/v) phosphotungstic acid and ex-
amined on a JEOL 1200ex TEM at 100 kV.
Spurr’s and Lowicryl EM specimen preparation
Spurr’s routine specimens. IB-RS2 cells (106) were
harvested by scraping into the medium followed by cen-
trifugation at 800 g for 10 min. The cells were washed in
PBS and fixed in 2.5% (v/v) glutaraldehyde (Sigma) in 0.1
M cacodylate–sucrose buffer (pH 7.2) and processed to
Spurr’s resin (Agar Scientific, Essex, UK) in a conven-
tional manner (Hyatt, 1991). Sections were cut ;90 nm
thick on a Rheichart OMU3 microtome, placed on un-
coated copper 400-mesh grids, and contrasted with sat-
urated uranyl acetate in 50% (v/v) ethanol and 3% (w/v)
Renyold’s lead citrate for 20 and 5 min, respectively.
Lowicryl K4M and HM20 specimens. Uganda-infected
IB-RS2 cells and vaccinia-infected Vero cells were har-
vested as above and washed in 0.1 M Sorenson’s phos-
phate buffer (pH 7.2). Cells were fixed with 3% (w/v)
freshly prepared paraformaldehyde in Sorenson’s phos-
phate buffer and processed to Lowicryl K4M or HM20
(Agar Scientific, UK) at 230°C as described by Hyatt
(1991). Sections were cut as above and placed on un-
coated nickel 700-mesh grids for immunolabelling, as
previously described by Brookes et al. (1996). Alterna-
tively, sections were cut on a Leica-Rheichart Ultracut II
microtome and placed on parlodian-filmed and carbon-
coated 400-mesh nickel grids treated with 20%(v/v) ace-
tic acid (3 s), 90% (v/v) ethanol (3 3 1 s), and water (3 3
1 s) for in situ hybridisation.
In situ hybridisation
Prehybridisation treatment of Lowicryl sections. ASFV or
control cell sections were treated with 1 mg/ml protein-
ase K (Boehringer-Mannheim) in 50 mM EDTA and 100
mM Tris–HCl (pH 8.0) for 20 min at 37°C and washed 3
times in EDTA–Tris buffer. Sections were fixed in 0.4%
(w/v) paraformaldehyde in PBS for 5 min and washed in
PBS (3 3 3 min), and the aldehydes were quenched in 0.1
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M glycine in PBS for 3 min. This was followed by treat-
ment with cold 20% (v/v) acetic acid for 15 s, washing in
PBS (3 3 3 min) and 1.3% (v/v) triethanolamine–0.2% (v/v)
acetic anhydride (Sigma) for 10 min, and washing in PBS
(3 3 3 min).
Hybridisation buffer. The hybridisation buffer con-
sisted of 50 mM piperazine-N,N9-bis-2-ethanesulfonic
acid (PIPES) (pH 7.2), 0.75 M NaCl, 5 mM EDTA (pH 8.0),
100 mg/ml powdered salmon sperm DNA (Type D, Sig-
ma), 0.1% (w/v) Ficoll 400 (Pharmacia, UK), 0.1% (w/v)
polyvinyl pyrrolidine 40 (Sigma), 0.1% (w/v) bovine serum
albumin (BSA), and 50% (v/v) deionised formamide,
which was prepared and stored at 220°C.
Hybridisation conditions. The dsDNA p73-DIG- or -bi-
otin-labelled probes were boiled for 10 min to denature
the strands and placed on ice immediately. Grids were
floated on 5-ml droplets of the probe at 300 ng/ml in
humid chambers containing hybridisation buffer. DNA in
the sections was denatured at 96°C for 6 min and cooled
on ice, and the chambers were sealed with Parafilm
before hybridisation at 40°C overnight.
Posthybridisation and probe detection. The posthybri-
disation washes consisted of rinses in SSC of increasing
stringency (43, 23, and 13) for 10 min at room temper-
ature and 0.23 at 50°C. The grids were then rinsed in SC
buffer [50 mM PIPES, 0.5 M NaCl, 0.5% (v/v) Tween 20,
pH 7.0] for 3 min and blocked in 1% (w/v) BSA in SC buffer
for 15 min, and the labelled probe detected with either
anti-DIG or anti-biotin antibodies diluted in SC buffer for
60 min at room temperature. Grids were washed 6 times
in SC buffer and incubated with goat anti-species gold
conjugate (10 nm, Amersham International, Australia)
diluted in SC buffer at 1:40 for 30 min at room tempera-
ture. After washing in SC buffer 6 times and water 3
times, the girds were postfixed in 2.5% (v/v) glutaralde-
hyde in water, rinsed in water, and contrasted with 4%
(w/v) aqueous uranyl acetate for 7 min. The labelled
sections were examined on a Hitachi H7000 Scanning
TEM at 100 kV.
Hybridisation controls. The control protocols were
either nonspecific or specific and included uninfected
IB-RS2 cells and vaccinia virus-infected Vero cells,
omission of the detecting antibody (DIG/biotin), dena-
tured (boiled 10 min) DIG or biotin p73 DNA probe (300
ng/ml) incubated (1 h at 40°C) with unlabelled excess
p73 DNA (1 mg/ml), irrelevant (plasmid) DIG-or biotin-
labelled DNA (300 ng/ml), and DNase (1 mg/ml),
DNase plus RNase, or RNase (1 mg/ml) pretreatment
of the sections (1 h at 37°C) after proteinase K treat-
ment but before hybridisation.
In situ hybridisation at the light microscopic level. Modifi-
cations to the above protocol for using the same probe at
the light microscopic level were that (1) infected cells
were cultured on glass coverslips, and (2) at 18 h p.i.,
cells were fixed in 4% (w/v) paraformaldehyde in PBS,
rinsed in PBS, treated with 0.02 M HCl and 0.01% (v/v)
Triton X-100, rinsed 3 times in PBS, and incubated for 5
min with 50 mg/ml proteinase K. Twenty-five ml of probe
(300 ng/ml) was added to each coverslip, which was
inverted onto a slide before hybridisation. The detection
method involved washing the coverslips in Tris-buffered
saline [(TBS) 100 mM Tris–HCl, 400 mM NaCl, pH 7.5),
blocking in 2% (w/v) skimmed milk (Marvel) in TBS, the
addition of anti-DIG–alkaline phosphatase antibody di-
luted at 1:1000 (Boehringer-Mannheim) in 0.5% (w/v) BSA
for 1 h at room temperature, washing in TBS, and the
addition of Texas red (Sigma F-4523) substrate. The cov-
erslips were then washed in water, aqueous mounted,
and photographed on the Leitz Diaplan microscope.
DNase-gold labelling
Gold colloid (10 nm; Biocell International, UK) was
complexed with DNase I (Type DN-EP, Sigma) as pre-
viously described (Bendayan, 1981a, 1981b). Lowicryl
HM20 sections were washed in PBSA–polyethylene
glycol (PEG) (20,000 molecular weight; 0.02 mg/ml)
buffer (pH 6.0), blocked with 5% (w/v) BSA, 100 mM
glycine, and PBSA–PEG for 20 min, incubated on
DNase-gold optimally diluted at 1:5 in PBSA–PEG
buffer for 30 min, washed 6 times in buffer for 5 min
each, postfixed in 2.5% (v/v) glutaraldehyde in PBSA–
PEG buffer, rinsed 3 times in water for 2 min each, and
stained with saturated uranyl acetate in 50% (v/v) eth-
anol (5 min) and 3% (w/v) lead citrate (1 min). The
specificity control for DNase binding was cell sections
incubated with DNase-gold to which DNA (1 mg/ml
herring sperm DNA; Sigma) had been added for 30 min
at room temperature.
Quantitative analysis
The minimal sample size was determined during pilot
experiments by calculating the progressive mean probe
frequency (MPF), defined as a string or aggregate of gold
beads, per virus factory that reduced the error to within
10% of the final mean. The minimum number of areas to
be examined was 20 (data not shown); the results (Fig. 2,
MPF) are based on data collected from 30 areas. The
data were collected at an instrument magnification of
30,0003 in which each area was 2.7 mm2; the areas
were systematically selected at a magnification of
70003 where probes could not be observed by eye, thus
eliminating operator bias.
For the in situ hybridisation data, three areas per cell
section were examined: the virus factory and areas of the
cell nucleus and cytoplasm on the opposite side of the
cell to the virus factory. Within the virus factory, the
location of the probe was recorded with reference to
virus particles, membrane-like structures, and the factory
matrix. The data (Tables 1 and 2), the number of gold
colloids per virus factory, are expressed as a percentage
for each structure. The number of labelled virions in the
cytoplasm of the sectioned cell was also recorded. The
DNase-gold data were collected for particles within the
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virus factory only. The data presented indicate the geo-
metric mean and the standard error of the mean.
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